We present an exotic version of the MSSM with the same particle content but with some of the states with negative kinetic energies. We discuss how the model can work quantum mechanically and also resolve some of the pressing issues of the regular MSSM.
I. INTRODUCTION
Recent experimental data from the Large Hadron Collider (LHC) found no evidence [1] - [5] for the supersymmetric extensions of the standard model. In particular natural SUSY [6] implies light masses for the gluinos, stop, sbottom and Higgsinos whereas the superpartners can be as heavy as we want. However experiments already excluded the stop and sbottom masses up to about 200 GeV putting a fair amount of pressure on these models. Furthermore the upper limit that the MSSM poses on the mass of the light Higgs boson requires the addition of beyond the MSSM physics at least in the Higgs sector, if the sbottoms and stops are kept light.
Some of these issues can be resolved elegantly without the introduction of new particles if one considers a simple version of the MSSM in which the sign of the kinetic term of one of the Higgs multiplets is changed. Of course in order to preserve supersymmetry some of the corresponding interaction terms should be also introduced with opposite signs.
In particular we know that the regular MSSM gives a bad prediction at tree level for the observed 125 GeV Higgs boson:
A wrong kinetic sign for the second Higgs doublet transforms the cos(β) into a cosh(β) thus predicting the right answer, m h = 125 GeV. In general we know that hyperbolic functions in particle physics are associated with branes and extra dimensions so this kind of feature might be justified if the model is viewed as a low energy description of an underlying string-brane theory with reminiscent effects on the second Higgs multiplet.
Moreover we will show in section VII that although the states of negative energies seem peculiar at the level of classical field theory, all the inconsistencies can be eliminated at the level of second quantization. In particular, if we can accept that field theory with both positive and negative kinetic energies can have stable oscillations [7] around a saddle point of the potential (corresponding respectively to positive and negative masses) we can see how at the quantum level the ill defined states can be cured by using a simple and old paradigm: the negative energies are associated with time inversion and time inversion can be replaced by CP-conjugation if CPT is to be respected in the theory. We show in detail how this works for our exotic MSSM in sections V and VI.
Section VIII contains some phenomenological aspects and the conclusions.
II. SHORT REVIEW OF A GAUGE AND CHIRAL SUPERMULTIPLET LAGRANGIAN
We start with the simple case of a gauge supersymmetric theory with a single chiral multiplet. The Lagrangian has the well known expression:
where,
Here Φ, Ψ form the chiral multiplet and A a µ and λ a form the gauge supermultiplet (We refer the reader to the thorough review in [8] , [9] for details.) This Lagrangian is invariant under the following supersymmetry transformations:
and
The transformations in Eq(4) are the same as for a single uncoupled gauge supermultiplet. In comparison the transformations in Eq(5) are different from those specific to a single chiral supermultiplet: the partial derivative is changed to a covariant derivative and δF receives an additional term. One can conclude that the gauge supersymmetry transformations do not change in the presence of the chiral supermultiplet. The term,
is then shown to be invariant separately under the combined supersymmetric transformations. We continue with a short review of the Higgs sector of the MSSM Lagrangian.
III. THE HIGGS SECTOR OF MSSM
The MSSM contains plenty of chiral multiplets corresponding to the usual fermion and Higgs boson parts. The superpotential is given simply by,
Here H u , H d , Q, L,ū,d,ē are the chiral multiplets corresponding to the two Higgses, the left handed quarks and leptons and right handed quarks and leptons respectively. This superpotential will lead, among other things, to a mass term for higgsinos and Higgses:
The MSSM scalar potential in the presence of soft supersymmetry breaking terms turns out to be
Here the relations m
were employed. From this by simple Taylor expansion one determines a higher bound on the lightest scalar:
IV. AN EXOTIC MSSM
Inspired by the latest experimental discovery of a light Higgs particle with the mass in the range m h = 125 − 126 GeV we propose the following version with far-reaching consequences of the MSSM Lagrangian. We change the sign of one of the chiral multiplets with the additional gauge-chiral multiplet interactions associated to it. We will discuss the case when this multiplet is the H d multiplet as the other case can be easily obtained from this. According to the analysis made in Chapter I this change will not affect the supersymmetric nature of the lagrangian as we have shown that the cancelations under the supersymmetry transformation are separate for the gauge and chiral supermultiplets and are also separate for the two chiral supermultiplets by themselves. We also know that the superpotential should be invariant by itself so we consider exactly the same superpotential as in Eq (7). The main change will be in the relative signs of the F terms (between them) and D terms (between them). We are mainly interested in the Higgs scalar sector. The contribution of corresponding F terms to the Lagrangian will be:
This leads to the following term in the scalar potential:
Note that the |µ| 2 terms have now opposite signs. In case we change the signs of the H d multiplet this will appear with the opposite sign.
The D terms appear in the Lagrangian:
which leads to the following contribution in the scalar potential:
Here T a is a generic generator of the groups SU (2) and U (1). Then Eq. (19) leads to:
Finally we can write the complete potential obtained through this procedure and work with it.
V. THE KINETIC AND MASS SCALAR TERMS
Here we will analyze in detail the changes that intervene in the scalar sector. We start with the minimum equation which now will have the form:
The scalar mass matrix becomes:
The mass matrix for the pseudoscalars remains unchanged whereas the mass matrix for the charged scalars changes to:
The biggest difference comes however from the gauge sector where now the mass of the Z boson will be given by:
This suggest the following definitions:
Note the difference with the standard MSSM: cot(β) is replaced by tanh(β). All other couplings will change accordingly.
We will show here in detail how a simultaneously diagonalization of the kinetic terms and potential terms can be obtained for the neutral scalars. From the mass matrix in Eq. (24), Eq. (23) and Eq. (24)one can compute the naive masses:
However
for the neutral scalars and,
for the neutral pseudoscalars. It can be shown that for the mass matrices at hand the following relations hold:
We will choose β positive, α negative and γ also positive. In order to diagonalize also the kinetic terms we need to consider a full 4 × 4 matrix as the vacuum in this case breaks CP symmetry. We write first:
We now use a trick to further diagonalize the kinetic term. We multiply the 4 × 4 matrix in Eq (31) by another matrix K to the right such that to maintain the diagonalization of the mass matrices. Then the full rotation matrix will be:
Here a 1 , a 2 , a 3 and a 4 are complex numbers which will be used for a proper normalization. Then we need to diagonalize
in a context where the real part can become imaginary and the opposite since they are considered just regular fields. Then the following ansatz realizes the proper diagonalization and normalization:
Here we used the fact that α = −γ. Then the proper kinetic term will become:
Next we need to diagonalize the charged scalar mass matrix and kinetic term. We write:
We translate into 4 × 4 matrix for the real and imaginary parts of the fields:
Now we apply the same procedure as in the neutral scalar case. We multiply to the right by a complex matrix to obtain:
We take in order to diagonalize the kinetic terms:
Again the normalization of the states introduces a factor of cosh 2β in the masses. The kinetic term after this procedure will become:
Since the Goldstone bosons become states of negative energy we will need to ensure that they still have the correct properties such that to provide the longitudinal states fo the W ± bosons. We postpone this for section VII where we will show how to deal with such states quantum mechanically. The correct and final masses are then:
Note as a check of consistency that the negative states have negative masses whereas the regular states have positive masses.
VI. NEUTRALINOS AND CHARGINOS
The mass term for the neutralinos in the Lagrangian is exactly as in the MSSM:
Assume that the wino and bino masses are very large such that the mixing between the Higgsion and gaugino can be neglected. Then one needs to diagonalize only the lower matrix corresponding to the Higgssino.
The transformation matrix that diagonalizes the mass term is:
Thus the mixing angle is just β N = π 4 and the eigenvalues are simply µ and −µ. We apply the same procedure as in the previous case to the 4 × 4 matrix formed by the real and imaginary parts of the fermion fields to obtain for the kinetic term exactly zero. This is mainly due to the precise value of the mixing angle. In the general case when one considers corrections to the mixing angle if these corrections are small they would translate into a large normalization factor multiplying the masses. Thus they can be considerably larger than |µ|.
The charginos sector diagonalization can proceed similarly to that of the charged scalars. Since the topic is more intricate will be discussed in more detail in further work.
VII. STATES OF NEGATIVE ENERGIES
We start with a simple case of two scalar fields, one with a positive kinetic energy the other one with negative kinetic energy which interact with each other. The corresponding Lagrangian( [7] ) is:
The equations of motion in the absence of the interaction term are those of regular Klein-Gordon fields for both states:
They are modified in the presence of the interaction term to:
The counterpart of the minimum state in the regular case is a saddle point at Φ 1 = 0 (local minimum) and Φ 1 = 0 (local maximum). This can be seen from:
This kind of model has been studied at the classical level in [7] where it has been shown that it can display stable oscillation for some range of parameter in particular if λ( ) < 1 for M the initial displacement of the oscillators. However we still have a system with violates some of the principles on which we based our description of reality.
We are mostly interested however in the quantum behavior of this kind of system. One might consider for that two approaches described below.
A. States with negative energies
We consider for simplicity the Lagrangian of Eq (45):
We then quantize both fields in exactly the same way such that:
Here the energies are positive,
Thus the energy becomes again positive definite. Note that this procedure is equivalent to simple replacement of the particle by its CP conjugate. The usual rules of energy momentum conservation apply when we deal with decays and interactions. However some consistency checks are in order to be sure that this approach works properly. All interactions that include couplings of the negative states with their hermitian conjugate are safe. The potential problems might appear from the following type of terms:
Here a replacement of the particle by its CP conjugate can lead at first glance to disaster. However after finding the mass eigenstates and their couplings one observes that quite general a negative state does not couple anymore with the normal state but with its CP conjugate such that in the end one obtains the correct invariant couplings (see for details our diagonalization procedure).
Another relevant aspect that we need to take into account refers to the possible gauge anomalies and to the correct contribution of the Goldstone bosons to the longitudinal states of the W ± in particular. First we need to check that the up and down Higgsino chosen with opposite Y as in the standard MSSM still lead to the cancelation of the gauge anomalies. In our model the couplings of the down Higgsino with the gauge fields have an opposite sign with respect to the corresponding coupling of the up Higgsino so they will contribute to the anomaly with factor of (−1) 3 = −1. On the other hand for each diagram the fermion is replaced by its CP conjugate such that the contribution of down Higgsino reduces (for example for the U (1) 3 anomaly) to:
Note that only the correct quantization of the negative states leads to the cancelation of the anomalies. Also by construction this does not affect the couplings of the Higgs bosons with the down quarks.
In order to show that our negative states charged Goldstone bosons still account for the longitudinal states of the charged W bosons we need to write explicitly the gauge eigenstates in terms of the mass eigenstates in this sector:
The relevant interaction vertex is given by the term in the Lagrangian:
which leads to,
Thus the contribution to the polarization amplitude turns to be exactly that of the regular MSSM:
The correct diagonalization of the charged states was crucial in obtaining this result. Quite general our model can be easily treated as a regular theory with positive energy states with the added feature that the overall masses and couplings are simpler and closer to the desired ones from the experimental point of view.
VIII. DISCUSSION
We first use Eq (41) and the experimental value of 125.9 GeV for the mass of the Higgs boson to determine all the angles in the model: 
Apparently the two photon decay rate in this model if one considers only the top and charged W loops is exactly that of the standard model as the couplings are the same. Although charged scalars may appear in the loop their estimated large mass leads to a very small contribution. An increase of the diphoton rate of the Higgs boson can be explained in this model only by the contributions of the superpartners in the loops.
In conclusion our exotic MSSM contains all the particles and interactions of the MSSM with some major differences. First of all the suggested mass of 125.9 GeV of the light Higgs boson can be obtained at tree level. All the mixings and angles in the neutral scalars sector are predicted and are very simple. Then the main couplings of the Higgs with the top, bottom, Z and W bosons are exactly those of the standard model thus making impossible the distinction between the two models in the absence of the superpartners. The masses of the neutral Higgsino can attain very large values for small mixings due to the normalization factors.
Our purpose here was to present a new theoretical model and give some hints about the phenomenological implications. Other phenomenological aspects will be discussed in detail elsewhere.
